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Abstract. We predict a non-thermal magneto-optical effect for magnetic insulators
subject to intense light carrying orbital angular momentum (OAM). Using a classical
approach to second harmonic generation in non-linear media with specific symmetry
properties we predict a significant nonlinear contribution to the local magnetic
field triggered by light with OAM. The resulting magnetic field originates from the
displacement of electrons driven by the electrical field (with amplitude E0) of the
spatially inhomogeneous optical pulse, modeled here as a Laguerre-Gaussian beam
carrying OAM. In particular, the symmetry properties of the irradiated magnet allow
for magnetic field responses which are second-order (∼ E20) and fourth-order (∼ E40)
in electric-field strength and have opposite signs. For sufficiently high laser intensities,
terms ∼ E40 dominate and generate magnetic field strengths which can be as large as
several Tesla. Moreover, changing the OAM of the laser beam is shown to determine
the direction of the total light-induced magnetic field, which is further utilized to study
theoretically the non-thermal magnetization dynamics.
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21. Introduction
The design and fabrication of ever smaller and faster magnetic devices for data storage,
sensorics and information processing entail the development of efficient tools to control
the dynamic behavior of the magnetization. In particular, femtosecond laser-induced
magnetic excitations, originating in thermal and nonthermal effects, offer the possibility
to study magnetic systems on time scales down to (10 − 100 fs) [1, 2]. Thermal effects
describe the energy transfer from a laser to the medium which is usually thought to
consist of three reservoirs - phonons, electrons and spins [3, 4, 5, 6, 7, 8, 9], for a
recent review see [2]. Beside those thermal effects, nonthermal effects can influence
magnetization dynamics as well, e.g. the impulsive stimulated Raman scattering [10]
which was experimentally observed [11] and theoretically described in the context
of coherent magnon generation [12]. Furthermore, the inverse Faraday effect (IFE)
[13, 14, 15, 16] is another intriguing nonthermal phenomenon that refers to a build-up
of a static magnetization or an effective magnetic field in response to circularly polarized
light. On a microscopic level IFE relies heavily on the sample symmetry and/or spin-
orbital coupling (SOC). Several experimental [17, 18, 19, 20, 21, 22] as well as theoretical
[23, 24, 25, 26, 27, 28, 29] studies were performed during the recent past to obtain new
insight into opto-magnetic effects related to the IFE. A microscopic description of the
IFE often involves a Raman scattering process [10, 17, 28]. However, models were put
forward to understand IFE within the framework of classical single electron currents
[23, 24, 26]. Despite the progress on opto-magnetic effects the role of higher order
nonlinear processes has not yet been addressed. The aforementioned studies consider
effects characterized by a quadratic dependence of the optically generated magnetic field
B
(1)
ind on the electric field of the light pulse E0, i.e. B
(1)
ind ∝ E20 . It is one goal of the present
paper to emphasize the role of higher order effects in opto-magnetic phenomena, that
is B
(2)
ind ∝ E40 .
In addition to the usage of laser beams to control the irradiated magnetic material
the beam itself can be modified to achieve a new form of magnetic sensing. E.g.
one can engineer the time structure of the pulses such that orbital current is created
[30, 31, 32, 33, 34]. The associated Oersted field can then be utilized for steering
magnetic dynamics in the sample. The other possibility is to shape appropriately the
light pulses spatial structure, for instance by using optical vortices, i.e. laser beams
designed as to carry transferrable orbital angular momentum (OAM) in addition to the
light polarization (associated with the photon spin) [35, 36, 37].
We note here that vortex beams of matter offer another promising opportunity for
material research. The generation of electron vortex beams was suggested theoretically
in [38] and recently demonstrated experimentally by utilizing spiral phase plates [39]
and nanofabricated diffraction holograms [40] achieving vortex beams with high OAM
numbers (|l| = 100) [41]. These works imply that electron vortices could lead to novel
concepts in electron microscopy providing additional information about structure and
properties of samples by analyzing the OAM-dependent signal. Currently, experimental
3methods for the generation and modification of electron beams carrying OAM are under
intense research [42, 43, 44] and electron vortex beams have even been produced down
to atomic resolution [45]. Likewise, the theoretical understanding of electron vortices
was put forward by investigating relativistic and nonparaxial corrections to the scalar
electron beams [46] and by studying the transfer of OAM from an electron vortex to
atomic electrons [47, 48].
In this present work we will investigate the effect of optical vortices, the theory
however is straightforwardly extendable to the action of electron vortex beams, which
have some similar as well as different characteristics compared to optical beams, as
discussed in [38] (the advantage of optical beams lies in their precise temporal and
frequency control while electron vortex beams are superior when it comes to spatial
resolution).
Considering optical vortex beams it was predicted, based on a quantum mechanical
theory, that an OAM transfer for laser beams interacting with molecules will not
occur between the light and the internal electronic-type motion in the electric dipole
approximation, but can take place in the quadrupole interaction [49]. Later on, this was
experimentally verified in chiral matter [50, 51]. In the present paper, we are particularly
interested in the higher-order effect of the electronic motion of the irradiated magnet
induced by laser light carrying OAM within a classical theory.
The core of our model is based on the classical anharmonic oscillator
me
d2
dt2
xα(t) + 2γ˜
d
dt
xα(t) +
d
dxα
V (x) = Fα(x, t) , (1)
with mass me, damping constant γ˜ and the potential V (x) containing harmonic and
anharmonic parts, which is driven by the external force F(x, t). This force results from
the electrical field of the optical pulse and leads to a time-dependent displacement x(t)
(with components xα) of the electron which entails two effects. On the one hand, an
electric polarization is induced in the material and, on the other hand, microscopic
electron currents are generated which are responsible for the build-up of a magnetic
field. A theory based on Eq. (1) with a harmonic potential V (x) ∝ x2 describing
the latter process was presented in [26] where the inverse Faraday effect was mimicked
by assuming a linear dependence between the electron displacement and the external
electric field (note, however, that in these works the sample symmetry effects were not
considered, cf. in contrast the potential Eq. (5) used in this work). Further effects are
expected upon including non-linear response, e.g., second-harmonic generation (SHG).
Thus, the electron motion is in general not only affected by the fundamental frequency Ω
of the external field but also by the SHG frequency 2Ω. This nonlinear effect is allowed
in all media lacking a center of inversion symmetry [10, 52]. In the present study we
consider thin magnetic garnet films which, although centrosymmetric in their bulk form,
can be used for SHG due to the loss of inversion symmetry at the surface and/or the
presence of a nonzero magnetization [53, 54, 55, 56, 57, 58].
We consider circularly polarized laser pulses which are spatially inhomogeneous, and
additionally, carry OAM. More explicitly, we employ cylindrically symmetric Laguerre-
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Figure 1. (Color online) Schematic of the system. M is the magnetization of the
sample, e− indicates the single-electron current, µ designates the magnetic moment
of the current loop and σ± is the polarization of the circularly polarized light pulse,
(right-handed: +, left-handed: −). Further description is given in the text.
Gaussian beams [35] which are able to produce local orbital currents (e.g., [59] and
references therein) and hence orbital local magnetic fields that can be utilized for
initiating locally spin dynamics in the sample. The influence of light with OAM on
the spin-degrees of freedom in a condensed matter system was discussed in [60], here
this aspect is not considered in our classical treatment. The time structure of these
magnetic field pulses is related mainly to the laser pulse duration. As shown below,
substantial intensities are needed. Hence, short pulses should be used to minimize
radiation damage.
The paper is organized as follows: In Sec. 2 we introduce the theoretical model
emphasizing the role of the geometry and crystallographic and magnetization-induced
symmetry under consideration. Further, we explain the procedure applied to calculate
the time-dependent light-induced magnetic field. This induced magnetic field is then
used to model magnetization dynamics. After the detailed description of the model
parameters we present and discuss our results in Sec. 3. Finally, the results are
summarized and the corresponding conclusion is given in Sec. 4.
2. Theory
We investigate the physical situation sketched in Fig. 1. An optical pulse is applied
to a magnetic sample with magnetization M in eˆY -direction. As a consequence of the
circularly polarized light microscopic electronic currents will be generated. Moving on a
closed curve the electron current generates a magnetic moment µ. The absolute value of
the magnetic moment is given by the area enclosed by the current loop Λ multiplied by
the strength of the single-electron current je, i.e. |µ| = je Λ. Due to the inhomogeneity
of the laser pulse the absolute value of the magnetic moment differs spatially.
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Figure 2. (Color online) Coordinate systems considered. The spatial inhomogeneous
laser pulse produces an intensity profile in the eˆX -eˆY -plane. Here, only the region of
highest intensity is shown. The electron is initially located at the origin of the x-y-
frame at position (r, φ) according to the center of the light beam. Due to the electrical
field of the laser pulse the electron starts to move.
We are interested in the two-dimensional motion of the electrons in the film plane
(ez is along the film normal). For that purpose we refer to different coordinate systems
as shown in Fig. 2. The laser pulse impinges on the surface of the magnetic film and
generates an intensity profile which varies in the eˆX-eˆY -plane. The origin of the eˆX-
eˆY -coordinate system coincides with the center of the light beam. We will operate
in cylindrical coordinates with ez coinciding with the light propagation direction ((r, φ)
indicate the planar spatial position), and assume the electron initial velocity distribution
(given by the Compton profile) to be subsidiary with the respect to the intense laser
induced velocities. Applying the laser pulse the electrical field of the optical pulse
couples to the electronic charge which leads to a displacement of the electron. This
motion of the electron is described in the x-y (displacement) frame. Comparing the
typical length scale of the laser pulse (λL ∼ µm) with that of the induced electron
displacement (λD . nm) it follows that λD  λL. Therefore when treating the charge
dynamics, the spatial variation of the electrical field of the laser pulse in the x-y-frame
(i.e., in the displacement frame) may be neglected.
The laser light is described by a circularly polarized Laguerre-Gaussian beam
propagating in Z-direction. Using cylindrical coordinates r =
√
X2 + Y 2, φ =
arctan[Y/X] and Z = Z the corresponding electrical field distribution is given by
E(r, φ, Z; t) = E0(r, φ, Z) exp[−iΩ˜t] + c.c. ,
E0(r, φ, Z) = 2eˆσE0Fpl (r, φ) exp[iqZZ] ,
Ω˜ = Ω− i
τp
, (2)
6with the fundamental frequency Ω and the field pulse duration τp. E0 is the amplitude
of the electrical field, qZ is the wave vector along the Z-axis, eˆσ =
1
2
(eˆX + i σeˆY ) is
the vector of the light polarization (related to the photon spin) with σ = ±1 standing
for right-handed (+1), or left-handed (−1) helicity; and c.c. stands for the complex
conjugate of the first term. The function Fpl describes the spatial structure of the light
beam and has the form
Fpl (r, φ) =
1
Nl
L|l|p
(
2 r2
w20
)
exp
[−r2
w20
] (√
2 r
w0
)|l|
exp[i lφ] , (3)
with the associated Laguerre polynomial L|l|p . The parameter l ∈ Z is the topological
charge of the optical vortex and can be considered as the amount of OAM transferred to
the charge when interacting with the laser beam. We note that in case of l 6= 0, Eq. (3)
describes an optical vortex with topological charge l. For later purposes we introduce
the absolute value of the OAM number as L = |l|. Further parameters are the number
of radial nodes p, the waist of the beam w0 and the normalization constant Nl which
depends on l. The latter is introduced to ensure that the laser power transferred to the
medium is independent of the OAM represented by l.
2.1. Electron displacement
Due to the presence of anharmonicity we expand the electron displacement coordinates
xα = x, y according to
xα =  x
(1)
α + 
2 x(2)α + 
3 x(3)α + ... , (4)
with the small perturbation parameter  (which will be set equal to one later). It is our
aim to analyze the effect of second harmonics and, therefore, we calculate the solution
up to the order 2. The new aspect in this work is that we consider the potential to
consist of harmonic and anharmonic contributions, Vh and Vanh, and has the form
V (x) = Vh(x) + Vanh(x) =
me
2
ω20α x
2
α +
me a
3
Γαβγxαxβxγ , (5)
where sums over repeated indices is implicitly assumed. The eigenfrequencies are given
by ω0α and the anharmonic constant a. Γαβγ is the higher order coupling tensor. The
potential in Eq. (5) is an appropriate choice for noncentrosymmetric media [52].
The evolution equation (1) for the first-order displacement ∝  which is driven by
the external electric field given in Eqs. (2) and (3) is cast as
d2
dt2
x(1)α + 2γ
d
dt
x(1)α + ω
2
0α x
(1)
α = −
e
me
Eα(r, φ, t) , (6)
where we have substituted γ˜/me = γ.
We are interested in the solution of Eq. (6) which follows the electrical field of
the optical pulse, that is we neglect the fast decaying transient solutions. Assuming
7ω20x = ω
2
0y = ω
2
0 and Z = 0, the displacement of the electron in the x-y-frame becomes
x(1)(t) = −eE0
me
F pl (r, φ)
exp
[
−iΩ˜t
]
ψ
(
Ω˜
) ,
x
(1)
tot(t) = x
(1)(t) + x(1)∗(t) ,
y
(1)
tot(t) = y
(1)(t) + y(1)∗(t) = σi
(
x(1)(t)− x(1)∗(t)) , (7)
which is the particular solution of Eq. (6). We note that the expression for the total
displacement
(
x
(1)
tot, y
(1)
tot
)
in Eq. (7) yields real quantities. The function ψ
(
Ω˜
)
reads
ψ
(
Ω˜
)
= ω20 − Ω˜2 − 2iγΩ˜ , (8)
with Ω˜ given in Eq. (2).
The equation of motion of the second-order electron displacements is
d2
dt2
x(2)µ + 2γ
d
dt
x(2)µ + ω
2
0 x
(2)
µ = −
1
me
dVanh(x)
dxµ
,
dVanh(x)
dxµ
=
mea
3
Γαβγδ (xβxγMδ δαµ + xαxγMδ δβµ + xαxβMδ δγµ) , (9)
with the Kronecker delta symbol δρν . The anharmonic potential Vanh is given in Eq. (5).
An important statement of Eq. (9) is that the actual symmetry properties of the material
do matter. To obtain an explicit solution the nonzero components of the coupling tensor
Γαβγ have to be determined first. Γαβγ is related to the second-order susceptibility χαβγ
via the expression
P(2)α = 0 χαβγEβEγ = eNe x(2)α (10)
for the components of the second-order nonlinear electric polarization P(2)α . Here
x
(2)
α are the components
(
x(2), y(2)
)
of the second-order displacement, and 0 and Ne
are the permittivity of free space and the number of oscillators per unit volume.
Therefore, the symmetry properties of the susceptibility χαβγ can be transferred to
the coupling tensor Γαβγ. For thin magnetic garnet films, which were shown to be of
great importance for the investigation of nonthermal effects [61, 18], the second-order
susceptibility comprises two terms, a crystallographic contribution χcrαβγ and a magnetic
contribution χmαβγδMδ [55], where Mδ are the components of the magnetization in the
sample frame. For the geometry depicted in Fig. 1 we assume (001)-oriented films.
Thus, the corresponding point group symmetry is 4mm (C4ν) and the crystallographic
contribution vanishes for normal incidence of the optical pulse [55, 57]. Hence, the
SHG is purely magnetization induced and the nonvanishing components of χmαβγδ are
χmxxxy = −χmyyyx, χmxxyx = χmxyxx = −χmyxyy = −χmyyxy, and χmyxxx = −χmxyyy, see [57].
Assuming the same symmetry for the coupling tensor Γαβγ = Γ
m
αβγδMδ, its nonvanishing
components are
Σ1 = Γ
m
xxxy = −Γmyyyx ,
Σ2 = Γ
m
xxyx = Γ
m
xyxx = −Γmyxyy = −Γmyyxy ,
Σ3 = Γ
m
yxxx = −Γmxyyy . (11)
8For a magnetic garnet film with magnetization in y-direction, i.e. M = Ms eˆY = Ms y,
after some algebra we find the evolution equation for the second order displacement
∝ 2 which has the form
d2
dt2
x(2) + 2γ
d
dt
x(2) + ω20 x
(2) = − aMs
[
(3Σ1 + (2Σ2 + Σ3))
(
x(1)
2
+ x(1)∗
2
)
+2 (3Σ1 − (2Σ2 + Σ3))x(1)x(1)∗
]
d2
dt2
y(2) + 2γ
d
dt
y(2) + ω20 y
(2) = σi 2 aMs (2Σ2 + Σ3)
(
x(1)
2 − x(1)∗2
)
. (12)
The expression for x(1) is given in Eq. (7). Thus, the particular solution of Eq. (12) can
be expressed as
x
(2)
tot(t) = x
(2)(+2Ω,+Ω,+Ω; t) + x(2)(−2Ω,−Ω,−Ω; t) + x(2)(0,+Ω,−Ω; t) ,
y
(2)
tot(t) = y
(2)(+2Ω,+Ω,+Ω; t) + y(2)(−2Ω,−Ω,−Ω; t) (13)
where the ±2Ω terms represent the second harmonics and the last term in the expression
for x
(2)
tot(t) is usually referred to as optical rectification [62, 10, 52]. Therefore, a dc-shift
of the electron is only observed in the x-direction which is a direct consequence of the
underlying, magnetization-induced, symmetry.
2.2. Optically-generated magnetic field
Solving the evolution equations for the first-order and second-order displacement of
the electrons derived in the preceding section enables the calculation of the optically-
generated magnetic field. Illuminating the magnetic film with circularly polarized
light forces the electron to move on a loop which is closed for laser pulses of infinite
length. For a finite pulse width τp the electron trajectory can be approximated by
a closed loop in case τ−1p  Ω. This condition is approximately fulfilled in our
model. Calculating the trajectory of the single-electron allows to determine the magnetic
moment associated with this displacement. The total optically-induced magnetic field
is obtained by summing over all contributing electron orbits. The magnetic moment
µ of a closed current loop of a single-electron is given by je Λ(r, φ; t), where je is the
single-electron current and Λ(r, φ; t) is the time dependent area enclosed by the current
loop in the coordinate system of the light beam. Separating first-order and second-order
displacements the total light-induced magnetic moment is then given by
µtot(r, φ; t) = µ(1)(r, φ; t) + µ(2)(r, φ; t) ,
µ(1)(r, φ; t) =
eΩ
2 pi
Λ(1)(r, φ; t) ,
µ(2)(r, φ; t) =
eΩ
pi
Λ(2)(r, φ; t) . (14)
Here, we introduced the areas Λ(1) and Λ(2) enclosed by the first-order and second-
order electronic displacements. Right-handed (left-handed) circularly polarized beam
creates a light-induced magnetic moment µ(1) in +Z (−Z)-direction. The direction of
the second-order magnetic moment µ(2) strongly depends on the coupling tensor Γαβγ
9introduced in Eq. (11). The total light induced magnetic field in Z-direction can then
be calculated from
Bind(t) = Ne µ0
1
Λ0
R0∫
0
µtot(r, φ; t) r dr dφ , (15)
where Ne and µ0 are the electron number density and the magnetic permeability.
Λ0 = pi R
2
0 is the reference area over which the laser pulse influences the magnetic
structure of the film.
The details of the procedure are as follows: First, we solved the equations of motion
of the first-order and second-order single-electron displacements, Eqs. (6) and (12), for
variable distance r between the electron and the center of the light-beam, i.e. the
origin of the eˆX-eˆY -coordinate system. The radial distance was varied in the range
0 ≤ r ≤ 5µm with a resolution of ∆r = 2.5 nm. For each r the time-dependent
single-electron displacement was determined. The peak field of the laser pulse sets in at
t = 0 and diminishes exponentially within the time τp (cf. Eq.(2)). A waiting time of
one cycle period 2pi/Ω ' 2.7 fs until the transient solutions decreased significantly was
taken into account. After the second full cycle of the electron, i.e. after 5.4 fs, the value
of the light-induced magnetic field was calculated by computing the area enclosed by
the electron trajectory. We point out that the elliptic motion of the electron according
to the second-order displacement was already performed twice due to the motion with
frequency 2Ω. In the same manner the magnetic moment of the single-electron was
calculated each time the electron completes a full circle. In total, 29 values of the
time-dependent magnetic moments according to Eq. (14) were computed; the last value
corresponding to the time 81 fs after the laser pulse was applied. Finally, the average
total magnetic moment and the total optically-induced magnetic field were calculated
according to Eq. (15).
2.3. Magnetization dynamics
The light-induced magnetic field in Eq. (15) is used to excite magnetization dynamics
described by the Landau-Lifshitz-Gilbert equation [63, 64]
∂m
∂t
= − γe
1 + α2
(m×Beff + αm× [m×Beff ]) , (16)
with the damping parameter α, the absolute value of the gyromagnetic ratio for electrons
γe and the effective magnetic field Beff . The magnetization vector m is a unit vector
according to m = M/Ms, where Ms is the saturation magnetization. In general,
the effective field consists of different contributions, such as static magnetic fields,
demagnetization fields, anisotropy fields and exchange fields. However, in the present
study we consider the case when the static magnetic field B0 is supplemented by the
light induced magnetic field Bind(t), i.e.
Beff(t) = B0 +Bind(t) . (17)
Utilizing this effective magnetic field we solved Eq. (16) numerically.
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2.4. Model parameters
Nonlinear magneto-optical phenomena in magnetic garnet films involving second
harmonics generation, which are not related to optically-induced magnetic fields, were
studied experimentally in [53, 54, 55, 56, 57, 58]. Regarding intensities, in [57] the
authors report an average power density of approximately 103 W/cm2. Whereas, in
[18], where the nonthermal optical control of the magnetization in magnetic garnet
films was studied, a laser peak power density of about 1011 W/cm2 was applied by 100 fs
laser pulses. In the present theoretical study both aforementioned values do not lead to
the generation of significant second-order effects, i.e. the build-up of a magnetic field
induced by the second order electron displacement, which is comparable to the effects
of first order. To observe first-order and second-order effects ranging in similar orders
of magnitude we have chosen peak intensities between 2 · 1014− 2 · 1016 W/cm2. Taking
into account a reference radius of R0 = 5µm and a pulse duration of τp = 10 fs, as
applied in the present model, pump pulse energies of 1.6µJ up to 160µJ are required.
The above mentioned intensities are achieved by varying the electrical field strength in
the interval 1.85 · 108 V/cm ≤ E0 ≤ 1.85 · 109 V/cm. In particular, we will make use
of the reference intensity I0 = 2 · 1014 W/cm2 calculated at t = 0 for the electrical field
strength of 1.85 · 108 V/cm. The range of the absolute values of the topological charge
(OAM) was chosen to be 0 ≤ L = |l| ≤ 6.
The spatial distribution of the intensities for different values of L is shown in Fig. 3
(for simplicity we set the radial node to be n = 0). Varying the OAM number the
spatial profile of the laser beam changes, in particular the radial distance where the
peak intensity is located is shifted. The remaining model parameters have been chosen
as follows: The damping constant is set to γ = 1015 s−1, the eigenfrequency takes
ω0 = 4.650 · 1015 s−1 (corresponding to ~ω0 = 3.06 eV) and the external frequency is
Ω = 2.325 · 1015 s−1 (corresponding to ~ω0 = 1.53 eV). The eigenfrequency represents
the energy gap leading to transparency of the magnetic garnet film for the fundamental
beam [18]. Furthermore, the frequencies are chosen such that ω0 = 2 Ω. Following
[52] the anharmonic parameter can be estimated from a = ω20/d, where d is the lattice
constant. Here, the lattice constant is d = 1.25 nm as to simulate yttrium iron garnet.
Further, right-handed circularly polarized light (σ = +1) has been considered and the
number of radial nodes and the beam waist have been set to n = 0 and w0 = 2µm,
respectively. The quantitative values of the elements of the coupling tensor Γαβγ have
been chosen based on the values for the susceptibility χαβγ experimentally determined
and reported in [58]. Although, the exact numerical values with corresponding units
could not be deduced from [58], we adopted the relations between the different tensor
components mentioned in this article. In the present model the tensor components
Σα always occur in product with the saturation magnetization Ms. We have chosen
Σ1Ms = −0.02, Σ2Ms = 0.2 and Σ3Ms = 0.1. To model magnetization dynamics we
made use of the Gilbert damping parameter α = 10−4.
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Figure 3. (Color online) Intensities I/I0 for different absolute values of the OAM
number L = |l| in the eˆX -eˆY -plane. The reference intensity is I0 = 2 · 1014 W/cm2.
3. Results and Discussion
The investigated laser beam possesses a specific light polarization σ associated with the
spin degrees of freedom of the photons, and an orbital angular momentum l, the effect
of the latter is the prime focus of our study. The results presented in the following
were all obtained using right-handed circularly polarized light, i.e. σ = +1. Important
differences to the case of left-handed circularly polarized light (σ = −1) will be pointed
out. Furthermore, in what follows we will present our results in terms of the absolute
value of the OAM-number introduced previously as L = |l|.
Typical trajectories of the first-order and second-order electron loops are shown
in Fig. 4, where, for the sake of clarity, we assumed an infinite pulse length for the
illustrations. However, all subsequent graphics are created taking into account the finite
pulse width τp = 10 fs. The first-order loop (dashed red line) is described by a circular
motion whereas the second-order displacement (solid blue line) follows an ellipse. The
elliptic motion arises from the presence and the direction of the magnetization. The
direction of rotation is determined by the helicity σ of the light pulse. Here we assumed
σ = +1. Deviations from the circular and elliptic motions result from the transient
solutions. These solutions affect the motion of the electron significantly only during the
first cycle (orbital period ' 2.7 fs). As a consequence of the symmetry the directions
of rotation of the first-order and second-order loops are opposite. The first-order loop
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Figure 4. (Color online) Single electron current loops depending on the OAM number
l for I = 2 ·1016 W/cm2 at t = 0. The first-order solution is shown as dashed (red) line
and the second-order solution is shown as solid (blue) line. Right-handed circularly
polarized light (σ = +1) is considered. Each trajectory corresponds to the electron
displacement at the position of maximum laser intensity which differs depending on l.
rotates anti-clockwise and the second-order motion is a clockwise rotation. Therefore, for
the case considered here (magnetic garnet films, 4mm-symmetry) second-order effects
will lead to a weakening of the first-order generated magnetic field because the direction
of rotation determines the sign of the light-induced magnetic field. This may not be the
general case. Depending on the material properties and on the experimental setup an
enhancement of the first-order generated magnetic field by second-order effects might
be observed as well. Further, the aforementioned dc-shift of the single-electron current
loop in x-direction is another nonlinear effect and shown in Fig. 4. The direction
of this dc-shift depends on the direction of the in-plane magnetization but does not
alter the oscillatory motion of the electron. Hence, the magnitude of the light-induced
magnetic field will not be influenced by optical rectification. Note that the sign of
the OAM number l does not influence the direction of rotation of the electron but
determines the phase ∝ exp[iφl] depending on the position (r, φ) at which the electron
resides in the frame of the light beam before the light pulse is applied. The electronic
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Figure 5. (Color online) L-dependence of the ratio between second-order and first-
order light-induced magnetic fields for different intensities (calculated at t = 0). The
index max refers to the maximum value which is taken at t = 5.4 fs the time at which
the first value of the light-induced magnetic field is calculated (see text for further
explanation). Right-handed circularly polarized light is applied (σ = +1).
displacement depicted in Fig. 4 refers to a peak intensity (at t = 0) of 2 · 1016 W/cm2.
For lower intensities the effect shown and discussed above occurs as well but the second-
order contribution to the total electron displacement is much lower than the first-order
contribution. As the first- and second-order generated magnetic fields are proportional
to the square of first- and second-order electronic displacements, respectively, the ratio∣∣∣B(2)ind/B(1)ind∣∣∣ should decrease for decreasing intensities. This effect is shown in Fig. 5 for
different values of L. Further, it can clearly be seen that the ratio shown in Fig. 5 is
independent of L if the intensity goes to zero.
The total optically-generated magnetic field B
(1)
ind + B
(2)
ind is drawn in Fig. 6 for
different intensities and L-values. The markers represent the data points calculated
after each full cycle the electrons finalize and the solid lines correspond to a fit of the
superposition of two exponential functions (referring to B
(1)
ind and B
(2)
ind) to the data points.
Obviously, the values of the total magnetic field are always positive in Figs. 6 (a) and
6 (b). Whereas, at sufficient high intensities the total magnetic field can undergo a sign
change as shown in Fig. 6 (c). Also note the different orders of magnitude in Figs. 6 (a)
- 6 (c). Again it can be observed that the influence of L on the shape of the total
magnetic field enhances as the intensity increases. For a quantitative comparison we
refer to table 1. In addition, from a fitting of the curves in Fig. 6 we deduce the decay
time τ (1) = 5.05 fs referring to B
(1)
ind(t) and the decay time τ
(2) = 2.59 fs referring to
B
(2)
ind(t). Taking into account that the exponential decay time of the external field pulse
E(t) is assumed to be τp = 10 fs and that the first-order magnetic field B
(1)
ind(t) ∝ E2(t)
and the second-order magnetic field B
(2)
ind(t) ∝ E4(t), these values are close to τp/2 and
τp/4 which can be expected theoretically.
To further underline that a change in the optically-generated magnetic field induced
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Figure 6. (Color online) Time dependence of the total light-induced magnetic field
for different intensities and absolute values of the OAM number L = |l|. The dashed
vertical line at t = 5.4 fs corresponds to two orbital periods as described in section 2.2.
The reference intensity is I0 = 2 · 1014 W/cm2. Right-handed circularly polarized light
is applied (σ = +1).
Table 1. Listing of the maximum values of the superposition of first- and second-
order optically-generated magnetic fields. These values are calculated at 5.4 fs after
the application of the laser pulse. Values are given in 10−3 Tesla. The value of the
reference intensity is I0 = 2 · 1014 W/cm2. L = |l| is the absolute value of the OAM
number.
L = 0 L = 1 L = 2 L = 3 L = 4 L = 5 L = 6
I/I0 = 1 12 12 12 12 12 12 12
I/I0 = 10 86 106 111 113 116 115 116
I/I0 = 100 −2752 −748 −248 −1 148 240 289
by varying the OAM in terms of the number L is clearly a second-order effect, we
present Fig. 7 where the time dependencies of the optically-generated first-order and
second-order magnetic fields, B
(1)
ind and B
(2)
ind, are depicted for different L. As is visible
B
(1)
ind(t) does not depend on L = |l| whereas the magnitude and the sign of B(2)ind(t) are
significantly influenced by changing L.
Additionally, we point out that in the event the laser beam is left-handed circularly
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polarized (σ = −1) both the first-order and the second-order generated magnetic fields
will change sign. Consequently, the total optically-induced magnetic field will also
undergo a sign change (not shown).
In the present model the second harmonics generation is solely due to the presence
of a magnetization. Vice versa the second harmonics will produce the light-induced
magnetic field B
(2)
ind which influences the magnetic structure. To investigate the effect
of the total light-induced magnetic field on the magnetic system we solved the Landau-
Lifshitz-Gilbert in Eq. (16) numerically taking into account the effective magnetic field
in Eqs. (15) and (17). A static magnetic field B0 = B0 eˆY with B0 = 250 mT was
applied. Whereas, the light-induced magnetic fields point into the ±Z-direction. The
corresponding results are shown in Fig. 8 for different intensities. Obviously, the light
pulses induce magnetization dynamics in terms of small-angle magnetic excitations.
The precession amplitude can be varied by changing the intensity of the laser pulse.
Regarding this, a variation of two orders of magnitude of the precession amplitudes
is observed for 1 ≤ I/I0 ≤ 100, with 2 · 1014 W/cm2. For I/I0 = 100 the total light-
induced magnetic field is negative which is indicated by the excitation of the out-of-plane
component of the magnetization mz. As can be seen in Fig. 8 the oscillations of mz
start into the opposite direction compared with the cases I/I0 = 1 and I/I0 = 10.
Viewing the theoretical results from an experimental side [61, 18], the observed
precession amplitudes are not in the experimentally determined order of magnitude. On
the one hand, this discrepancy originates from the pulse width τp = 10 fs of the single
pulse, as applied in the present model. Because of the different time scales of the optical
pulse and the precessional dynamics of the magnetization, the short presence of the
light-induced magnetic field leads to small amplitudes of the precessing magnetization
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Figure 7. (Color online) Comparison of the time dependence of first- and second-
order light-induced magnetic fields for different absolute values of the OAM number
L = |l| and I = 2 · 1016 W/cm2. The dashed vertical line at t = 5.4 fs corresponds to
two orbital periods as described in section 2.2. Right-handed circularly polarized light
is applied (σ = +1).
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in the numerical modeling. For pulses which live longer, e.g. considering a pulse width
τp = 100 fs or a sequence of pulses the precession amplitude would increase. On the
other hand, due to computational reasons we assumed a beam waist of w0 = 2µm.
Experimentally a typical value for the beam waist is approximately 100 − 200µm.
However, as shown theoretically [65], it is possible to exploit self-focussing effects to
decrease the waist (and increase the intensity) quite significantly. A larger illuminated
area may increase the magnitude of the magnetic field generated by the laser light as
well. Fig. 9 shows the predictions for the magnetization dynamics when applying a
sequence of 30 identical pulses with pulse width τp = 10 fs and a time delay between
two subsequent pulses of ∆t = 50 fs assuming a peak intensity of I = 2 · 1016 W/cm2
at t = 0. The L = 0 subfigure in Fig. 9 should be compared with the I/I0 = 100
subfigure in Fig. 8. As can be seen, the changes described above lead to a gain of one
order of magnitude with regard to the precessional amplitude. It is moreover obvious
that the parameter L expressing the OAM of the laser beam determines the sign of the
light-induced magnetic field as well as its magnitude. The sign change is indicated by
the excitation of the magnetization to the opposite direction in the L = 0 case compared
to the L > 0 cases. We will discuss below that this is a more subtle issue than obvious
at first glance. Additionally, going from L = 0 to L = 1 the absolute value of the
magnetization amplitude decreases and increases when further increasing L > 1. This
behavior can be explained by looking at the curves plotted in Fig. 5 and and the values
given in table 1. Considering the L = 0 case a large negative magnetic field is observed
after the first full cycle of the electron motion at t = 5.4 fs, see table 1, followed by two
smaller values after the second loop (at t = 8.1 fs) and the third loop (at t = 10.8 fs).
All subsequent values calculated at increments of ∆t = 2.7 fs are positive but smaller
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Figure 8. Numerical solution of the Landau-Lifshitz-Gilbert equation for different
intensities and L = 0. The reference intensity I0 = 2 · 1014 W/cm2 as well as
I = I(E0, t = 0) which is varied by varying the electrical field strength E0 are taken
at t = 0. The applied effective magnetic field is given in Eqs. (15) and (17).
17
time t [ps]
L = 0
L = 1
m
ag
n
et
iz
at
io
n
m
z
/m
s
[%
]
L = 2
L = 3
L = 6
Figure 9. Numerical solution of the Landau-Lifshitz-Gilbert equation for a sequence
of 30 pulses with peak intensity I = 2 · 1016 W/cm2 at t = 0.
in magnitude. However, the total magnetic field exhibits negative values for L = 1, 2, 3
as well, but, in contrast to the L = 0 behavior, this cannot be monitored by observing
the magnetization dynamics on the picosecond-timescale as shown in the corresponding
simulations in Fig. 9. For the L = 1, 2, 3 cases the optically-induced magnetic field
becomes positive for all subsequent cyclic motions of the electrons. This circumstance
cancels the negative field corresponding to t = 5.4 fs as the second-order magnetic field
decays twice as fast as the first-order magnetic field, i.e. τ (2) ≈ τ (1)/2. The occurrence
that the L = 1 case offers the smallest amplitude of the magnetization of all shown
examples in Fig. 9 arises from those cancelation effects during the first few time steps.
For a comparison of the first- and second-order magnetic fields at t = 5.4 fs for different
L we again refer to Fig. 5 (cf. also the behavior of the total magnetic field shown in
Fig. 6 (c)).
We infer from these simulations that the light beams with OAM may in principle
generate fs magnetic field pulses that can be used to coherently control the magnetization
in the manner suggested in Ref.[66, 67, 68], where it was also shown that on this time
scale the control scheme is robust to thermal fluctuations.
Finally, we briefly address the influence of the in-plane orientation of the
magnetization. Rotating the magnetization by an angle φrot away from the eˆY = y-
direction would change the equation of motion of the second-order displacement in
Eq. (12) because of the contribution of the tensor components Γαβγx in Eqs. (11) and
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(12) which would vanish for φrot = 0, that is M = Ms eˆY = Ms y and Mx = 0.
For a finite angle of rotation the magnetization components Mx = Ms cos φrot and
My = Ms sin φrot should be considered instead. This would result in a dc-shift of the
single-electron current loop either in x-direction or in y-direction or in both, depending
on the rotation angle. In contrast, if φrot = 0 as applied in the present study, a dc-shift
is only observed in x-direction. Although the detailed dependence of the second-order
displacement and the magnetic excitations on the rotation angle φrot is an interesting
aspect, this is beyond the scope of the present paper.
4. Conclusion
Nonthermal opto-magnetic effects are intriguing phenomena in condensed matter physics
that, on the one hand, bear high potential for promising magnetic devices and
applications and pose interesting questions for theory. In the present study we worked
out the role of nonlinear effects which are not negligible for intensities in the range of
2·1014−2·1016 W/cm2. Utilizing a classical treatment of the laser-driven carrier in a given
symmetry environment, it is possible to separate the electron motion into a first-order
displacement that is directly proportional to the electrical field of the optical pulse and a
second-order displacement that depends on the square of the electrical field. Considering
magnetic insulators with a certain symmetry configuration we found that both the first-
order and the second-order electron displacement create current loops that generate the
light-induced magnetic fields B
(1)
ind and B
(2)
ind. As the direction of rotation of the first-
order electron displacement always opposes that of the second-order displacement, the
light-induced fields B
(1)
ind and B
(2)
ind also carry opposite signs. Applying Laguerre-Gaussian
laser beams which carry orbital angular momentum characterized by the number l, we
showed that the optically-generated magnetic field can be controlled by a variation of
L = |l|. Thus, in the classical model presented in this paper the light-induced magnetic
field depends on the absolute value of the OAM number but is independent of its sign.
Hence, the sign of the total magnetic field can be positive or negative and the strength
of the light-induced magnetic field can reach several Tesla. In the present study we
investigated nonlinear effects for 0 ≤ L ≤ 6. Increasing the illuminated area, larger
values of L can be studied as well.
Finally, we note that the here reported effect based on the generation of first-
order and second-order magnetic fields with opposite signs may change for other
crystallographic and/or magnetization induced symmetries. We assume that an
enhancement of the first-order magnetic field by the second-order field may occur
also in systems with different symmetries. However, nonlinear opto-magnetic effects
as investigated in the present paper still need to be verified experimentally.
To verify the predicted phenomena we suggest an optical pump-probe experiment similar
to that described in [2] for studying the magnetization dynamics. A high-intensity
circularly polarized laser pulse that carries OAM could be used to excite magnetization
dynamics which could then be measured by probing the motion of the magnetization
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vector with linearly polarized light pulses of much lower intensity. From determining
the excitation angle the light-induced magnetic field could be derived. In particular,
the variation of the intensity and OAM of the pump pulse should lead to a point where
first-order and second-order light induced fields, which have opposite signs, are almost
equal in magnitude. If this compensation point is reached the amplitude of the magnetic
excitations should be reduced significantly, compare Fig. 9. Therefore, by probing the
magnetic changes those intensities and OAM-numbers could be derived.
We hope our investigations will stimulate further studies related to optical as well as
electron vortex beams. In particular, it was shown recently within a quantum mechanical
theory [47] that electron vortex beams are able to exchange orbital angular momentum
with the electrons of the irradiated atom in the dipole as well as quadrupole transitions.
Further, the transitions were shown to be independent of the sign of the OAM number
which coincides with our results for optical vortex beams interacting with magnetic
matter. This similarity is not surprising as in the optical limit charge particle scattering
at small momentum transfer amounts to the interaction with photons.
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